It has, quite recently, become fashionable to study a certain class of holographicinspired models for the dark energy. These investigations have, indeed, managed to make some significant advances towards explaining the empirical data. Nonetheless, surprisingly little thought has been given to conceptual issues such as the composition and the very nature of the implicated energy source. In the current discourse, we attempt to fill this gap by the way of some speculative yet logically self-consistent arguments. Our construction takes us along a path that begins with an entanglement entropy and ends up at a Hubble-sized gas of exotic particles. Moreover, our interpretation of the dark energy turns out to be suggestive of a natural resolution to the cosmic-coincidence problem.
Background and Buildup
It is well acknowledged that our present-day universe is (or at least appears to be) in a phase of cosmological acceleration [1] . The simplest and (perhaps) most aesthetically pleasing explanation for this phenomenon would be a cosmological constant. (As was originally proposed by Einstein, albeit with a much different motivation in mind [2] .) On the basis of Occam's Razor, this might well be the end of the story, except for a few points of notable infamy [3] :
(i) The cosmological-constant problem (version 1), or why is the empirically based value of the cosmological constant so small in comparison to the Planck scale (which is, as prescribed by quantum field theory, the natural scale that one would associate with the energy of the vacuum)? For future reference, the discrepancy between the two scales (empirical and Planck) is the staggering amount of at least 120 orders of magnitude.
(ii) The cosmological-constant problem (version 2), or given that the cosmological constant is so small, why is it not simply zero? To rephrase, suppose there is a fundamental symmetry at play (along the lines of supersymmetry) that is indeed responsible for Planckscale cancellations in the vacuum energy. Then what mechanism ends up breaking this symmetry at such an unnaturally small number (10 −120 )? (iii) The cosmic-coincidence problem, or why do we happen to live in the (cosmologically speaking) briefest of eras when the energy density of matter and the cosmological constant are virtually the same (i.e., within an order of magnitude)?
In view of a cosmological constant (per se) being somewhat problematic, many proposals have been suggested that supplant this fixed quantity with a more dynamical source. By current conventions, any such alternative (as well as the constant itself) falls under the generic classification of being a dark energy. 1 For instance, the potential energy for a slowly varying scalar field has often been nominated for the role of a dark energy; notably, such (so-called) quintessence models arise quite naturally out of the framework of string theory [7] and are analogous to the inflaton-description of inflation [8, 9] . [The latter being the (generally accepted) earlier era of cosmic acceleration.]
There are, of course, a litany of dark energy proposals in the literature. Here, we will focus on what has become commonly known as the holographic model of dark energy. (See [10] for one of the seminal renditions, [11] for further discussion and [12] for an overview with almost too many references.) The basic premise is inspired by the famed holographic principle [13] [14] [15] [16] , with particular emphasis towards a pertinent observation made in [17] . We will now proceed to elaborate on this circle of ideas.
In spite of its many manifestations in the literature, the essence of the holographic principle is remarkably simple: a black hole represents, in a very fundamental sense, the maximally entropic object for a fixed amount of energy. As applied to a given (quantum) field theory, the principle advocates S QF T < S BH or, as long as our field theory comes equipped with an ultraviolet-energy cutoff Λ and an infrared-length cutoff L, it would follow that
Here, we have only used the extensivity of the (unconstrained) field-theoretic entropy, the area-entropy law for black holes [18] , and the (near) saturation of the initial inequality at the respective cutoffs.
2 By very similar reasoning, one can talk about constraining the energy. In fact, by virtue of the hoop conjecture [19] (or, equivalently, the Schwarzschild limit), the field-theoretic energy should be limited by the linear size of the system. Then extensivity of the former and saturation at the cutoffs leads to
Since L is, by hypothesis, the longest (meaningful) length scale in the theory, it follows that this second relation is the one that maximally constrains Λ. We are thus obliged to use the latter in obtaining the maximal energy density. Consequently,
It is this very last relation that served as the impetus for the notion of a "holographic dark energy". Namely, it has been suggested that the form of the dark energy should conform precisely with
where c 2 is a numerical factor which is always taken to be of the order of unity and can typically be constrained by the way of observational data. Predominantly (but not universally [20] ), this has been regarded as a literal equality; meaning that the saturation point is to be chosen a priori.
What has never been particularly clear is to what choice should be made for the infrared cutoff L. The usual suspects are the apparent horizon or Hubble radius
the future (event) horizon and the past (particle) horizon. 4 Respectively, the latter two are as follows:
At a first glance of the literature, it would appear that the future horizon is empirically favored [10] and the apparent horizon is emphatically ruled out [23] . Nevertheless, all bets remain on once the model is suitably complicated to include spatial curvature [24] and/or interactions with the matter sector [25, 26] , a time-varying gravitational coupling [25] , the aforementioned non-saturated (holographic) bound [20, 27] , or whatever the flavor of the day happens to be. 2 Further note that we choose, throughout, to work with a four-dimensional spacetime, set all fundamental constants -except for the Planck mass M P -to unity, and consistently ignore all inconsequential numerical factors. 3 Here, a = a(t) is the cosmological scale factor and a dot denotes a differentiation with respect to the cosmic time t . We will be presuming a flat universe in our discussions (hence, the equivalency of the apparent horizon and the Hubble radius), although almost nothing that is said really depends upon this distinction. 4 This short list is by no means meant to be exhaustive. For instance, there is the "generalized" model of dark energy (for which L is permitted to depend, functionally, on all three of the above) [21] and the "agegraphic" model of dark energy (whereby the age of the universe determines L) [22] .
5 Again, the reader should consult [12] for many other relevant citations.
Irrespective of the exact choice for L, it is clear that the holographic model of dark energy has some attractive features. Firstly, it provides, by construction, an immediate (albeit somewhat ad hoc) solution to the cosmological-constant problem of the present era. Secondly, the fact that L is (presumably) a dynamical quantity allows us to hope for even more: A fully realistic form of the model might be able to account for the dark energy in all other relevant eras (particularly, inflation) and accommodate a decelerating to accelerating phase (and vice versa) at the appropriate junctures. Thirdly, the holographic model has had, when suitably generalized (see the paragraph above), some degree of success in resolving even the cosmic-coincidence problem.
Nonetheless, there are (at least) a few aspects of the overall framework that remain puzzling. Clearly, this dark energy model is somewhat contrived; having been posed in such a manner so as to defer, rather than resolve, the very issues that inspired it. And let us ponder the following: What is the substance (for lack of a better word) that constitutes or underlies the implied dark energy? If the answer is some new type of particle, then where does this new entity fit into the grander scheme of things? (For instance, is it agreeable with the standard model?) If the answer is some manifestation of "pure geometry", then how is the use of the field-theoretic bounds to be justified in the first place? If the answer is none of the above, then are we really better off here than with a fixed cosmological constant?
Anyways, justifying and explaining the exact nature of the dark energy may be the least of our (conceptual) worries. The very definition of the holographic dark energy seems to hinge on the existence of a physically meaningful infrared cutoff; which is to say, a physically viable cosmological horizon. On the other hand, it is not at all evident that one can have such a horizon in the absence of some sort of dark energy. For instance, let us consider the popular choice of a future horizon. Without a dark energy or a cosmological constant to induce acceleration (and assuming no other forms of exotic matter are present), a simple calculation reveals that the future horizon is necessarily infinite. 6 Hence, there can be no such infrared cutoff without first having a dark energy and, likewise, there will be no holographic dark energy without having a cutoff to define it. This leaves us with a conceptual paradox that is tantamount to the proverbial question about "the chicken or the egg"! Admittedly, it would be difficult to explain away any of these points until there is an established model of quantum gravity to call upon. So one might argue that any such issues should be deferred until that "messianic time" is finally upon us. But it might, just as well, be folly to continue tweaking a model that has no physically motivated rationalization other than appealing to a proposed principle of a yet unfounded theory.
On this last note, our current aim is to fill in the gap (somewhat) with a (n admittedly) speculative proposal for the nature of the holographic dark energy. Our starting point will be that the dark energy is induced from an entropy of entanglement, and the discussion will be advanced, sequentially, from there. As a way of motivation, an association between dark energy and entanglement appears to be a very natural one in a holographic context.
To elucidate, an entanglement entropy has been proposed [28, 29] as a viable explanation for the (holographic-inspiring) black hole area-entropy law. Moreover, it appears to have an important significance [30, 31] in the most rigorous realization of the holographic principle to date; namely, the AdS-CFT correspondence [32] . [Note that the idea of connecting the dark energy to a quantum entanglement is not meant to be original: This connection was first proposed (concretely) in [33] and then advanced in [34, 35] . Although there will inevitably be some overlap between the entanglement part of our discussion and these other works, we feel that the current perspective and interpretations are clearly distinct.
7 ] The succession of points to be made will be organized as in the following summary: (1) Any relevant observer 8 will be causally separated from a significant portion of the universe. So, for physics to locally make sense, it is natural (if not absolutely necessary) to trace over these inaccessible degrees of freedom; thus giving rise to an entropy of entanglement.
(2) By some (yet-to-be-specified) process, the entanglement-induced degrees of freedom should be "uplifted" to the status of actual physical particles (insofar as the observer in question is concerned). Although unspecified, this process of uplifting can still be anticipated because of an analogy with the Unruh effect [37] . (3) Given the intuitively expected (and also substantiated [38, 39] ) form for an entanglement energy, it can (and will) be demonstrated that the energetics of the induced particles is in complete compliance with Eq.(4) for the (holographic) dark energy density. (4) Although situated (at least in a holographic sense) at a causally defined horizon, the induced matter will be shown to be inherently non-localized; necessarily filling up the horizon interior in the guise of an inert gas of long-wavelength particles. In this way, it can be said that a space-filling dark energy has truly been achieved.
We will now proceed to elaborate on each of these points, in turn, and then conclude with an overview.
The Main Points

Entanglement
Thanks to the aftermath of inflation, the universe must be a vast, vast place; containing, at the very least, e 60 Hubble-sized spheres (and it could be substantially larger than this lower bound [8, 9] ). Meaning that, irrespective of the existence of a finite event (or some other formal) horizon, an observer will certainly be out of causal contact with a large fraction of the universe. [Given that inflation did occur, this must always be true except at very early (pre-inflationary) times and (depending on the overall energetics) asymptotically late times. Neither of these eras is of relevance to the current discussion.] The "rule-of-thumb" estimate for this "causal boundary" is a spherical surface of radius H −1 , but the exact location need not concern us at this stage. 9 The important point is that, for all practical purposes, our observer's universe comes to an abrupt end at a distance of (roughly) one Hubble radius away.
If this discussion was limited to strictly classical physics, then this could well be the end of the story. But quantum considerations make for things to be significantly more interesting. Irregardless of the bounds of classical causality, it is safe to assume that most any matter or energy source that is outside of this casual barrier shares quantum correlations -or entanglements -with that found inside. (This follows from "EPRlike" quantum non-locality [41] and the realization that the entire universe was once a Planckian-sized place.) Following the standard ideas of quantum measurement [42] , this means that, to have a sensible quantum description of the boundary interior, it is first necessary to trace over the degrees of freedom in the exterior.
More explicitly, let |Ψ > represent the universal wavefunction, which is to be regarded as a pure (zero-entropy) state. Also, let |φ A > collectively denote a complete set of orthonormal states for the interior region and let |φ B > do likewise for the exterior. It is known that one can always write (for a suitable choice of complex coefficients C AB )
Now, given the necessity to trace, the appropriate density matrix for an observer in the interior has the following reduced form:
Let us recall that a gain in entropy can generally be associated with a loss in information. So that, on account of tracing out the exterior (an inherently information-negating process), the interior observer will naturally assign an entropy to her reduced subsystem. (Put differently, even though the initial state was pure, the reduced density matrix describes what is now a mixed state.) As should be well known, this entropy can be quantified with the use of the von Neumann formula
As long as there are any quantum correlations at all between the two subsystems (i.e., as long as |Ψ > can not be written as a direct product of the subsystems), it should be clear that this entanglement entropy will be a strictly positive quantity 10 -in spite of having started off with what was a pure state of (necessarily) vanishing entropy.
Let us next consider S B ; that is, the analogous entropy as would be assigned by an exterior observer after tracing over the interior states. After some minor manipulations, it should not be too difficult to convince oneself that S B = S A . This is, in actuality, generally true: Starting with a pure state in a region V , which is then split up into two subregions -say V A and V B -one finds (after tracing) that this entropic equality is always preserved. The point is that this subdivision can be arbitrarily disproportionate; for instance, taking V B ≫ V A , one would still find an equality between the corresponding entropies. (In fact, this is just the situation we would expect for the division between the boundary interior A and exterior B.) This oddity would leave one to believe that the entanglement entropy can only depend on properties that are common to both subsystems. It would logically follow that, to leading order, the entanglement entropy should be proportional to the area of the surface that forms the common boundary between the regions. Reassuringly, this outcome has indeed been realized in previous (rigorously done) calculations [28, 29] .
[As it now stands, the above line of reasoning is somewhat misleading. The existence of long-range correlations means that, generally speaking, the (leading-order) entanglement entropy is expected to scale with the volume of the total region [43] rather than just the (common) boundary area. As for the rigorous calculations, these apply to the special case of the quantum field theory being in its ground state. It, therefore, becomes prudent to ask if the ground state is a reasonable expectation in the current context. We would argue "yes!" on the premise that this particular entanglement is, in essence, a quantumgravitational process; and so the field theory should inherit an energy gap of (presumably) the order of M P . Such a large gap would then act to suppress any excitations of the system out of its ground state and, thus, achieve the desired area scaling [44] . Alternatively, it has been shown [43] that the (holographic) energy bound of Eq. (2) is also a sufficient condition for the entanglement entropy to scale with the boundary area. Since we are, after all, talking about a holographic dark energy, it seems quite sensible that such a bound should (if necessary) be allowed to enter directly into the formalism as a principle of the fundamental theory.]
For our observer's Hubble-sized sphere in particular, it can now be safely anticipated that
with the factor of M 2 P following on dimensional grounds. This result will prove to be important a bit later on in the discussion. For now, the reader should keep in mind that the above entropy is an extremely large number; roughly, 10 120 for the present-day value of the Hubble radius.
Before moving on, we would like to make another pertinent observation: Our notion of embedding all of the exterior physics into a single boundary surface is probably not much different from the principle of horizon complementarity [45] .
11 The latter prescribes, for an observer who is (necessarily) confined to a single Hubble-sized sphere in de Sitter space, that any other Hubble sphere provides a redundant description of the associated (quantum) Hilbert space -with this redundancy being holographically encoded in the encompassing horizon. Although the nature of the surfaces are somewhat different (causal boundary versus de Sitter horizon), there is clearly a common thread with regard to the storage of the exterior information.
Uplifting
For our argument to proceed forcefully onwards, it is necessary that the entanglement degrees of freedom be "uplifted" to the status of fully physical quanta. It is not entirely clear that such a claim could be valid, insofar as the entanglement in question is strictly an observer-dependent phenomenon. To avoid any confusion, we should point out that this concern is not at all an impediment to the entanglement interpretation of black hole entropy. In this case, the event horizon has a clear physical interpretation; irrespective of the presence or not of observers. To put this in another (metaphorical) way, if a black hole falls in a vacuum, it will "make a sound".
In spite of this observer-dependency sticking point, there are two credible reasons to believe in the physicality of this brand of entanglement. Firstly, the idea of a holographic inducement of physical matter is not without a precedent. For instance, various accounts of the (dynamical) brane-world model [47] would lead us to believe that some energy sources in the brane universe can be purely attributed to holographic inducement; vis-avis, the so-called mirage cosmologies [48] . Of further relevance, the AdS-CFT picture of holography [32] emphatically preaches that a quantum effect from one perspective can be classical from another, a string can be open and closed at the same time, a regime of strong coupling can just as easily be one of weak, the ultraviolet limit can be flipped around into the infrared, and so forth. There is certainly a lesson to be learned: Holographic dualities, when invoked, can distort (and even reverse!) the very essence of what might have been perceived as objective physicality. So given all this, it may not be unreasonable to expect that an observer-dependent effect as viewed from one side of a duality could still be fully physical from the other.
Secondly, and much less esoterically, one should be able to recognize a clear analogy between the present consideration and the Unruh effect [37] . To review, an observer in (flat) Minkowski space will, upon accelerating, perceive herself as being immersed in a bath of thermal radiation.
12 This is clearly an observer-dependent effect (no observer means no radiation), so is the perceived thermal bath real or not? Here, we know that the answer is a resounding yes! If the accelerating observer happens to be a particle detector -that is, the famous Unruh detector -then particles will be registered [49] , even though the global picture is still a trivially flat spacetime.
So the moral of the story is that observer dependence need not be any impediment to physicality. But, then again, should we be bothered if the dark energy (physical or not) is an observer-dependent phenomenon? Here, the answer is no unless we can find a way to communicate with observers that can contradict our findings. Given the very definition of the causal boundary, such a communication is, by construction, outside the realm of possibility.
With the above arguments in tow, we feel ethically justified in assuming (albeit tentatively 13 ) that such an uplifting -from geometric entanglement to real particlescan occur and will proceed accordingly. Now, with the uplifting taken to be in play, it is worth reflecting upon the status of (what we have been calling) the causal boundary. 12 Note that the same observer would measure a negative value for the vacuum energy (that is, negative relative to the Minkowski vacuum), so there is no violation of energy conservation going on here.
13 Ultimately, only the "true" theory of quantum gravity would be able to dispute or assert some of our claims. Nonetheless, for an article that does advocate the physicality of observer-dependent phenomena (at least in the analogous context of acceleration horizons), see [50] .
If these holographically induced particles are sufficiently energetic (as will be verified below), then what was once essentially a fictitious horizon can become quite real. That is to say, the presence of a dark-energy source (here, in the guise of the induced particles) could well be sufficient to create a future event horizon. [Besides the energetics, it is also necessary that the induced matter source has a negative enough pressure (cf, Footnote 6). On this point, we can only speculate on precisely what breed of particles would be suitable for this purpose. Suffice it to say, we must be talking about some highly exotic type of matter, which is a natural stipulation for any discussion on what would constitute the dark energy.]
Assuming that a future horizon is indeed realized, we now have an intriguing resolution to the "chicken-or-the-egg" conundrum that was raised above: On the one hand, the causality barrier induces an entanglement which then (by hypothesis) invokes the creation of real particles. On the other hand, these same particles uplift the status of this causal surface to a fully fledged horizon. In the sense that this holographic surface now has attained a clear physical relevance, it adds credence to the picture of the particles having, themselves, a real physical nature. What we have just described is, in essence, a quantumgravitational "bootstrap" process; whereby the horizon and particles are able to pull, concurrently, one another out from a sea of virtuality.
Finally, there is another point that should be emphasized. From our perspective, the relevant infrared cutoff is (essentially) the Hubble radius before the dark energy has been induced.
14 Which is to say, the dark energy does not predetermine the infrared cutoff; it is, if anything, the other way around. Hence, in our picture, the infrared cutoff can be expected to asymptotically go to infinity as the energy density of the "regular" matter dilutes to nothingness. (As an aside, such an evolution can be viewed as a renormalization group flow 15 to the infrared, with the cosmic-time coordinate serving as the scaling parameter.) This paints a very different picture from many other discussions on a holographic dark energy: Typically, the dark energy will ultimately dominate the evolution of the universe and continue to do so for the rest of time (e.g., [10] ). Conversely, our interpretation is a dark energy that is never able to dominate over nor be dominated by the other sources of matter. 16 What is most significant about our viewpoint is the following: The cosmic-coincidence problem (why are the matter and dark energy of the same order in this particular era 17 ) would intrinsically be resolved! One last aside: In light of the above discussion, this horizon can not necessarily be regarded as an event horizon per se. Perhaps it should, rather, be interpreted as an apparent horizon that behaves like an event horizon over sufficiently short time scales (t H −1 ). Be that as it may, the horizon in question would, nevertheless, be a physically relevant one.
14 By using the word "before", we do not mean to imply that there is a chronological order to this process. "Before" is meant, rather, in its logically precedent sense. Meanwhile, the relative timing of the events in this framework will be touched upon in the final subsection. 15 Holographic manifestations of a renormalization group flow are not uncommon. See, for instance, [51] . 16 An immediate exception could be in a very strongly gravitating cosmology for which the Hubble parameter is rapidly changing. In such a regime, the Hubble radius is no longer a reliable measure of causality [40] . Anyways, unless our universe is closed, this caveat has nothing to do with the future evolution. 17 It is probably worth pointing out that, as the cosmos expand, the dust matter dilutes as a −3 whereas a true cosmological constant would be unaffected. This is the discrepancy that makes the "coincidence" so disturbing.
Energetics
As alluded to above, the next step will be to assess the energy density of these entanglementinspired particles. An agreement with Eq.(4) -that is, the originally proposed (holographic) dark energy density -can be viewed as an important self-consistency check of our framework. Conversely, a failure to do so would indicate that a conceptual retooling is called for.
The "energy of entanglement" is not as well understood as its entropic counterpart; however, the very same argument that brought us up to Eq.(10) can be expected to remain basically intact; namely, the entanglement energy should only depend on properties that are shared by the subdivided systems. Meaning that one would, once again, intuitively expect the leading-order contribution to go as the area of the common boundary surface. As before, rigorous calculations do bear this intuitive reasoning out [38, 39] . 18 This deduction along with dimensional considerations dictates an entanglement energy (for the interior or exterior) of
After dividing this energy by the interior volume (H −3 ), one might suspect that there is already a problem with the proposal. However, as we will now demonstrate, this is actually not the case. What has just been deduced is the energy as it would be measured locally at the horizon surface. Meanwhile, what we should really be examining is the observationally relevant energy; that is, the energy as measured by the observer whose sphere of causality defines the horizon. Now it becomes especially pertinent to the discussion that the causal boundary has, indeed, been elevated to a physical horizon -as would be expected by the presence of a legitimate dark energy source. Having an (apparent) event horizon means that we are really talking about an asymptotically de Sitter spacetime.
To proceed in a quantitative fashion, we will require a coordinate system. For the purposes of our "ball-park" estimates, it will be sufficient to employ a suitably chosen set of de Sitter coordinates. Then the best choice, as relevant to an observer (at the origin) with no access to the horizon exterior, is the well-known static patch of de Sitter space [52] :
Note that the horizon is located at r = H −1 . What is most important, for the current evaluation, is the effect of the gravitationally induced redshift [53] . For an observer (at the origin) viewing any other point in the interior, this effect will depend on the radial separation and can be quantified by the following "redshift factor":
Near the horizon, this factor becomes
and, quite obviously, Z(r = H −1 ) = 0 . Text-book discussions on gravitational redshifts tell us that
, where E O is meant to denote the energy of observational relevance. Naively, the vanishing redshift factor implies that this energy also vanishes. However, by virtue of the (quantum) uncertainty principle, it is not reasonable to presume this degree of localization in the calculation. A better rationalized approach is to calculate the redshift at some ultravioletcutoff point. Following the methodology of the "brick-wall" calculations of black hole entropy [54] (also see [55, 56] ), we will judiciously place the cutoff at a proper distance of M −1 P away from the horizon. Recognizing that the proper radial distance is measured by dr √ g rr and (near the horizon) g
, we can then deduce that [also using
From the above, it follows that
for the near-horizon redshift and then [with the help of Eq. (11)]
for the observationally relevant energy. Dividing by the volume of the Hubble sphere, we now obtain an energy density of
With the obvious identification of H −1 with the infrared cutoff L, this computation is in complete compliance with the holographic form of Eq.(4). 19 
Non-Locality
One might be bothered by a dark energy that is strongly localized at a horizon. Indeed, such an energy source could very well be detectably different from the cosmological constant that it aspires to replicate. In our picture, the horizon certainly represents the surface of inducement (via entanglement), but a simple argument will reveal that the dark energy must necessarily delocalize and fill up the Hubble sphere.
Let us now explicate this point. To discuss the locality (or lack thereof) of a given particle, it is usually sufficient to consider its Compton wavelength λ C . By recalling the origin of the dark energy as being a process of entanglement, we can immediately constrain the associated λ C from above. Significantly, the entanglement procedure entailed tracing over all of the degrees of freedom to the exterior of (what is now) the horizon. Hence, insofar as it "concerns" a dark-energetic particle, the universe must end at the horizon; which is to say, there is, practically speaking, no longer an exterior region to speak of. And so, it must follow that
To constrain λ C from below, we need only to invoke the usual statistical interpretation of an entropy, along with the uncertainty principle. Applying the former input to Eq.(10), we count the number of particles to be (roughly) N ∼ H −2 M 2 P ; meaning that the energy per particle is E O /N ∼ H . As dictated by the uncertainty principle, the inverse of this ratio provides a lower bound for the spatial extent of any given particle, or
There is, obviously, only one way to avoid a contradiction between Eqs. (19) and (20); namely,
And so, not only are the particles not localized at the horizon, they are delocalized across the full extent of the Hubble sphere! The picture is now the following: We started with degrees of freedom being excited on a spherical surface, and then end up with a sphere-filling gas of extremely long-wavelength and inert 20 particles. Note that there is no need to establish a dynamical mechanism for this delocalization to happen. From a holographic vantage point, the cosmic-time coordinate is (as mentioned above) the scale factor of a renormalization group flow: Meaning that the flow of cosmic time coincides with the changes in the scale of the infrared cutoff (L ∼ H −1 ) but has nothing to say about the occurrence of holographically triggered mechanisms. These take place in some abstract (from our perspective) realm which is governed by a time evolution that is -in all likelihood -unrelated to the flow of cosmic time. And so, cosmically speaking, the particles have always been there and are always delocalized in accordance with the scale set, at any given time, by L = L(t).
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Nevertheless, one would still be entitled to ask if there is a physical framework that supports such a dramatic degree of ubiquity. That is to say, is there any credible reason to believe in the existence of particles with such an unnaturally long wavelength? We will now proceed to argue that this type of delocalization is actually quite natural in the current context.
To begin here, let us ponder as to what might be the nature of these holographically induced particles. The key word here is holograhic(ally): The pertaining principle is often asserted to be a statement about -or even a manifestation of -quantum gravity. Alternatively, regarding this principle as an effect rather than a cause, one might prefer to focus on the entanglement origin of these particles and just leave holography out of it. But, even then, entanglement entropy can similarly be viewed as a synthesis of gravitational and quantum concepts; inasmuch as geometry (which underlies entanglement) is the very essence of gravity. So, by all accounts, these particles must, on some level, be identifiable as "quanta of geometry".
22
Continuing along this line of inquiry, what (if anything) can we say about such geometric quanta? Undoubtedly, the answer will be highly model dependent. However, it is notable that both string theory (especially in its matrix realization [57] ) and loop quantum gravity [58] share something in common when informing us about their fundamental quanta; respectively, D0-branes and spin junctions. For both of these models, the fundamental constituents are expected to behave, collectively, as a gas of non-interacting and fully distinguishable particles [59] [60] [61] [62] [63] [64] [65] . This is a much different state of affairs from the "garden-variety" particles -bosons and fermions -which are (of course) always treated as being indistinguishable.
What is particularly interesting (for us anyways) about distinguishable particles is that they obey a generalized form of Bose and Fermi statistics that is known as infinite statistics [66] . More formally, turns out to be quite natural (and perhaps even to be anticipated). As an added bonus, the fundamental particles of quantum gravity are expected to be non-interacting, which is an almost essential stipulation for the (presumably) inert substance that would constitute the dark energy.
Before concluding, we would be remiss to not mention a pair of recent papers that have already made a connection between the dark energy and infinite statistics [67, 68] . These studies certainly inspired a substantial amount of the current subsection, and we hope that our perspective was sufficiently different to contribute to the discussion.
Overview
The holographic model of dark energy [10] (including the many variations thereof [12] ) has proven to be a promising avenue for understanding the current acceleration of the universe. As already reflected upon, this model has been demonstrated to have an ample amount of potential for matching the empirically based expectations of the observable universe; with regard to both the past and the present. What is still lacking, however, is a viable explanation of what the holographic dark energy is exactly supposed to represent. That is to say, what is the composition of the implicated energy source and why does this substance exhibit the properties that are desirable for mimicking a cosmological constant?
In the current paper, we have made an initial attempt at filling in this gap. Many of our arguments were admittedly speculative and many details were regrettably left out. Nonetheless, we still feel that some modest progress has been achieved along the stated lines. Our construction follows a logical succession of ideas with a self-consistent prediction for the energy density. Moreover, just by thinking about the issues "out loud", we have been able to make some deductions that have been previously missed or, at least, mostly overlooked. Most significantly, our discussion has cast a new light upon the relationship between the holographic dark energy and its associated infrared cutoff. From our perspective, the latter is an antecedent for the former; meaning that the magnitude of the dark energy is fixed to (more or less) match the other matter sources in the universe. If this turns out to be a valid assessment of the situation, then the (so-called) cosmiccoincidence problem would be quite naturally resolved.
Obviously, there is much more work to be done; either in addressing the outstanding questions of the current proposal or in constructing an altogether different framework that starts anew. It is hoped that both paths are enthusiastically followed; not only by the current author but by others in the field as well.
